Brucella abortus-induced bovine macrophage-T-lymphocyte collaboration was studied as a prerequisite for the eventual clearance of this infectious organism. Esterase-positive, peripheral blood monocytes functioned as an adherent antigen-presenting cell population. A dual requirement for expression of bacterial antigens in combination with self major histocompatibility complex class II products was required by adherent cells for the activation of T lymphocytes. Comparison of antigen-presenting cell populations that were either trypsinized or nontrypsinized following B. abortus ingestion substantiated the need for phagocytosis and antigen processing. A monoclonal antibody (H4) directed against major histocompatibility complex class II determinants was able to block or, with complement, to abrogate T-lymphoctye responses. Measurement of both proliferation and interleukin 2 production via [3H]thymidine incorporation confirmed specific activation of an enriched T-lymphocyte population. These results indicate that in vivo-primed T lymphocytes of peripheral blood origin recognize phagocytized bacterial components of the facultative intracellular bacterium B. abortus and may contribute to the removal of the bacteria. Furthermore, bovine peripheral blood-adherent cells function as classic antigen-presenting cells, which suggests that macrophages are capable of processing this bacteria. Therefore, any lymphocyte-mediated dysfunction attributable to B. abortus most likely occurs at some point in the cascade of immune events following initial macrophage-T-lymphocyte collaboration.
Macrophages serve as important resident cells for the facultative intracellular bacterium Brucella abortus; however, it is assumed that macrophages phagocytize and kill most ingested species of bacteria within a few hours (4, 7, 35) . Resistance to facultative intracellular bacteria depends on successful interaction between specifically sensitized T lymphocytes and macrophages (21) . In vivo development of nonspecific resistance to B. abortus-infected mice has been described in several studies (5, 13) , and these reports have suggested that activated macrophages are responsible for the antibacterial activity. There are also studies in which heightened bactericidal activity has been shown in vitro by macrophages collected from B. abortus-infected mice and cattle (3, 11, 29) . Most recently, in studies in which B. abortusinfected mice have been examined, increased macrophage activation has been reported by several criteria, including spreading, Fc and C3 receptor density, locomotion, and chemotactic responsiveness (3) . However, in these in vivo and in vitro studies done by others, interactions between bovine macrophages and T lymphocytes in response to B. abortus have not been examined.
Results of studies in mice in which another facultative intracellular bacterium, Listeria monocytogenes, was used have indicated that the organisms are phagocytized, killed, and processed (1, 41) . Then, bacterial antigenic components are expressed on the macrophage membrane in association with major histocompatibility complex (MHC) class II determinants for recognition by antigen-specific T lymphocytes (10, 43) . Proliferation and interleukin-2 (IL-2) production by T lymphocytes occurs following associative recognition of bacterial and MHC components on the macrophage surface (16) (17) (18) .
Studies of immune response to B. abortus by cattle have been limited predominately to antibody production in response to bacterial components (25, 42) . However, the * Corresponding author.
principal biologic host for this bacterium is cattle, and few studies have examined the interactions between bovine macrophages and T lymphocytes in the recognition of B. abortus. Because bovine macrophages serve as resident cells for B. abortus, they might also be central in initiating both positive and negative regulation of immune responses in infected cattle. The manner by which macrophages present B. abortus to T lymphocytes may serve to regulate T-lymphocyte recognition and IL-2 production. This cell-cell interaction could be pivotal for the control of this bacterium, as has been demonstrated for other facultative bacteria (21) . In this study the interaction between bovine macrophages and T lymphocytes in response to B. abortus was examined. (32) . T lymphocytes bearing D-galactose residues were identified with fluorescein isothiocyanate-labeled peanut agglutinin (E-Y Labs, San Mateo, Calif.), and B lymphocytes were identified with tetramethylrhodamine isothiocyanate-labeled rabbit anti-bovine immunoglobulin with light chain activity as previously described (39) .
Monoclonal antibodies B29 and B26 with bovine pan-Tcell specificity were the gifts of W. C. Davis (8, 20) . These monoclonal antibodies were added neat in 0.25 ml to 106 cells incubated for 45 min on ice with 0.02% NaN3 and washed three times. Fluoresceinated rabbit anti-murine antibody was added to the cells and incubated for 45 min on ice with NaN3 followed by three washes prior to examination with a fluorescent microscope. The monoclonal antibody H4 (immunoglobulin G2b [IgG2b]) with specificity for a structural MHC class II framework determinant of human leukocyte antigen-DR (HLA-DR) and cross-reactive with bovine MHC class II antigens (19) was purchased from One Lambda (Los Angeles, Calif.). The monoclonal antibody C5B6 (IgGl) has specificity to bovine monocytes and was produced in our laboratory, and DAS 2 (IgGl) and 9 (IgGl) are monoclonal anti-bovine IgG2 and anti-bovine light chain antibodies, respectively, and were the gift of D. Goldsby (37, 38) .
IL-2 assay. Long-term cultures of bovine IL-2-dependent T lymphocytes were derived from a mixed lymphocyte culture as described previously (24) (Fig. 4) Therefore, in seven of eight animals adherent cells pulsed with B. abortus could present bacterial antigens to nonadherent lymphocytes.
IL-2 production by B. abortus-activated T lymphocytes. Supernatants from lymphocytes cultured with B. abortus 1119-pulsed macrophages that were trypsinized or nontrypsinized were collected and assayed on bovine IL-2-dependent T lymphocytes. Figure 6 illustrates that IL-2 was produced in both trypsinized and nontrypsinized systems. However, in cultures in which macrophages were trypsinized, IL-2 production was delayed by 24 h.
MHC class II involvement in T-cell proliferation. Antigen presentation by macrophages involves associative recognition of foreign antigen with MHC class II molecules by T lymphocytes of mice responding to L. monocytogenes (10) and T lymphocytes of humans responding to Yersinia spp. (40) and Escherichia coli (9, 23) . The role of MHC class II molecules in antigen presentation by bovine macrophages of B. abortus was evaluated. Macrophages pulsed with B. abortus were treated with the monoclonal antibody H4 or C5B6 and complement or complement only (Fig. 7A) . Treatment with the monoclonal antibody H4 and complement significantly (P < 0.05) reduced the proliferation of T lymphocytes. In contrast, trypsinization of macrophages prior to monoclonal antibody H4 and complement treatment failed to alter the subsequent T-lymphocyte response (Fig. 7B) . Treatment with the monoclonal antibody C5B6 and complement or complement alone failed to alter the T-lymphocyte response.
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When the anti-MHC class II monoclonal antibody H4 was present throughout the 8-day culture period (Fig. 8) , a significant reduction in proliferation was observed with unfractionated PBM cells or T lymphocytes enriched by two methodologies. DISCUSSION Numerous workers have contended that a facultative relationship is advantageous for intracellular bacteria, such as B. abortus, to evade the immune system (6, 7, 33) . In the experiments reported here, the mechanisms of collaboration between bovine macrophages and T lymphocytes in response to killed B. abortus 1119 have been investigated. Results of our experiments established that (i) unfractionated lymphocytes respond to B. abortus; (ii) adherent cells pulsed with B. abortus stimulated T-lymphocyte proliferation, and removal of surface-bound bacteria by trypsiniza- Few studies have examined bovine lymphocyte responses to B. abortius (2, 36) . Results of the present study indicate a biphasic response at various bacterial concentrations and times. Whether the biphasic response represents different cell populations, the effects of different bacterial antigens, or the response of the same cell population influenced by maturation and growth factors requires further investigation. Development of monoclonal antibodies to bovine lymphocyte subpopulations and isolated bacterial components may clarify this observation. Excess antigen in culture had a suppressive effect; this is an observation of other investigators, who used mouse lymphocytes cultured with E. coli (23) . Suppression could result from suppressor T cells (27, 28) or, more likely, from the toxic effects of the bacterial lipopolysaccharide. Other workers have reported that excess free antigen (2,4-dinitrophenol-keyhole limpet hemocyanin) in vitro suppressed the T-lymphocyte response to macrophage-bound antigen (15) .
Interestingly, trypsinizaton of adherent antigen-presenting cells did not prevent T lymphocytes from responding. This suggests that adherent cells phagocytized sufficient numbers of B. abortiis and that bacterial antigens were later expressed on the cell surface after removal of surface-bound bacteria by trypsin. Similar results have been reported recently by others with L. mronocytogenes (1) . In contrast, macrophages pulsed with ConA failed to present this lectin in a stimulatory manner to T lymphocytes. The difference in the results of these two systems could be explained by lectin-induced suppressive cells as observed in bovine (34) and human (30) lymphocytes that turn off de novo production of IL-2, as described previously (12) . Macrophages pulsed with a known stimulatory concentration of phytohemagglutinin (10 pLg/ml) activate guinea pig T lymphocytes (31); therefore, lectins bound to adherent cells can lead to activation or suppression of T-lymphocyte proliferation. It IL-2 and gamma interferon from antigen-activated T lymphocytes serve to regulate the functions of other T lymphocytes and macrophages, respectively. Evidence for IL-2 production in this study substantiates the role of T lymphocytes in this system. Cultures containing trypsinized adherent cells had a delay in IL-2 synthesis, suggesting the removal of MHC class II antigens, bacterial antigens, or both and the subsequent reexpression of these components. The requirement for the association of bacterial antigens with MHC class II products probably explains this delay, with cell surface expresson of both molecules being necessary.
In addition to lymphokines, the requirement for cell surface MHC class II products on antigen-presenting cells is fundamental for T-lymphocyte responses to foreign antigens. Bovine T-lymphocyte proliferation was inhibited nearly 100% when a monoclonal antibody specific for an MHC class II framework determinant and complement was used to treat the adherent cell population prior to antigen processing, indicating the requirement for viable macrophages in antigen processing. In contrast, if adherent cells were trypsinized just subsequent to treatment with the monoclonal antibody, a competent T-lymphoctye response ensued. This suggests that the cell surface determinant to which the monoclonal antibody binds was removed by trypsinization. If the monoclonal antibody was present continuously in the culture in the absence of complement, T-lymphocyte responses were inhibited (Fig. 8) 
